We show that the arginine analogue, L-canavanine, repressed the accumulation of translatable messenger ribonucleic acid (RNA) for three arginine biosynthetic enzymes in Escherichia coli. The method used to determine the level of translatable messenger RNA depended upon measurement of a burst of enzyme synthesis as described previously. E. coli strains with defective arginyltransfer ribonucleic acid (tRNA) synthetase (argS mutants) were insensitive to canavanine repression. When deprived of leucine, a leu argS strain regained normal sensitivity to canavanine repression. The level of in vivo canavanyltRNAarg was determined for a normal strain and an argS mutant. After 20 min of growth with canavanine only 9% of tRNAarg from the argS strain was protected from periodate oxidation, while 42% of the tRNAarg from an argS+ strain was charged. When deprived of leucine, leu argS or leu argS+ strains grown with canavanine contained more than 60% charged tRNAarg. Reverse phase column chromatography of periodate-oxidized tRNA from canavaninegrown argS and argS+ strains showed no preferential charging of any isoaccepting species of tRNAarg. Therefore, we failed to detect a specific arginyltRNA species that might be involved in repression by canavanine. However, the data suggest that canavanine repression of the arginine pathway occurs only when high levels of canavanyl-tRNA are present, and thus support the notion that arginyl-tRNA synthetase plays a role in generating a repression signal.
Accumulating evidence suggests that, at least in some cases, aminoacyl-transfer ribonucleic acid (tRNA) synthetases in bacteria and fungi play a role in repression of specific sets of enzymes catalyzing the biosynthesis of amino acids (4, 36) . This viewpoint is based on experiments showing that mutants with altered aminoacyl-tRNA synthetases are also altered in their response to repression by the specific amino acid charged by the mutant synthetase (2, 11, [16] [17] [18] 32) . However, discrepant observations have shown that some synthetase mutants resulting in lowered enzyme activity have no effect on repression by some amino acids, such as tryptophan (8) and arginine (5, 15) . Amino acid analogues that interact specifically with aminoacyl-tRNA synthetases have also been shown to alter the specific repression of certain amino acid 102 pathway enzymes (9, 26, 27, 35) . Here again, analogues of tryptophan, such as 4-methyltryptophan, that were not activated caused repression, whereas 7-azatryptophan that was activated repressed neither synthesis of the tryptophan biosynthetic enzymes nor specific trp-messenger RNA formation (24) .
The difficulties attending the use of amino acid analogues in studies of enzyme repression were summarized by Umbarger (36) . However, we have circumvented some of these problems by separating the phases of repression or derepression from the phase of enzyme.synthesis for the case of ornithine carbamoyltransferase (EC 2.1.3.3) synthesis in Escherichia coli (12) . Employing this technique we showed that high concentrations of the arginine analogue, Lcanavanine, signaled repression (12) . We report here an extension of these studies, in which we examined the effect of L-canavanine on repression of arginine enzymes and the level of canavanyl-tRNA in arginyl-tRNA synthetase (argS) mutants. The results support the notion that arginyl-tRNA synthetase is involved in repression of the arginine pathway.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The strains of E. coli K-12 used in the experiments described are listed in Table 1 . All of these strains are argR+ since exogenous arginine represses synthesis of the arginine biosynthetic enzymes. For studies on synthesis of the arginine biosynthetic enzymes, bacteria were grown with aeration at 37 C in a defined arginine-free medium (AF medium) containing the salts medium of Davis and Mingioli (6) supplemented with 56 mm glucose and a defined mixture of amino acids, vitamins, purines, and pyrimidines (28) . The doubling times of these strains in AF medium with added L-arginine (200 Ag/ml) were 30 to 40 min. For most experiments cells were grown to middle exponential phase (3 x 10' to 5 x 10' cells/ml). These cells were rapidly transferred from one medium to another by a method including 3 min of centfifugation at 26 C as described by Faanes and Rogers (12) . Cells used for aminoacyl-tRNA synthetase and bulk tRNA isolation were grown to 8 x 108 Sorvall centrifuge, washed once in warm salts medium, and distributed into 1,000 to 400 ml of fresh AF medium with additions or omissions indicated in the tables. These cells were incubated with shaking for 20 min at 37 C and then were sedimented by a 5-min centrifugation in a Sorvall centrifuge.
Enzyme activities in toluene-treated cells. Ornithine carbamoyltransferase (EC 2.1.3.3) activity was monitored on samples of culture withdrawn at various times and collected in iced tubes containing one-twentieth volume of toluene. Samples were stored in ice until the completion of the experiment, at which time they were incubated at 37 C for 30 min with intermittent shaking. Enzyme activity of the toluene-treated cell suspensions was measured as previously described (31) .
When ornithine carbamoyltransferase, arginosuccinate lyase (EC 4.3.2.1), and acetylornithine deacetylase (EC 3.5.1.16) activities were determined simultaneously, 4-ml samples were removed from the cultures at the times indicated and added to iced tubes containing chloramphenicol (final concentration, 100 gg/ml). Cells were sedimented by centrifuging for 5 min at 3,000 x g, washed, and suspended in 2 ml of 0.25 M potassium phosphate buffer (pH 7.0), containing 10 jimoles of glutathione, and treated with toluene as described above. Acetylomithine deacetylase activity was determined by the method of Vogel and Bonner (37) . Ornithine carbamoyltransferase activity was determined as described above, except that tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 8.5) was added to 0.2 M. A modification of the method described by Hirshfield et al. (15) was used to determine the arginosuccinate lyase activity. Washed cells were suspended in 2 ml of 0.1 M potassium phosphate buffer (pH 7.5). One-half milliliter of toluene-treated cell suspensions were incubated in a final reaction volume of 1 ml containing 50 Amoles of potassium phosphate (pH 7.5), 5 gmoles of potassium arginosuccinate, and 0.3 mg of L-arginine aminohydrolase (EC 3.5.3.1). The reactions were started with potassium arginosuccinate and incubated at 37 C for 30 min. Urea production was determined by the method of Archibald (3) . One unit of enzyme activity for the three enzymes is defined as 1 gmole of product formed per min.
Extraction of RNA. Transfer RNA was isolated from strains 254 and 90-9 by the procedure described by Waters and Novelli (39) with the following modifications. (i) When bulk tRNA was isolated, extraction buffer A (10 mm Tris-hydrochloride, 10 mM MgCl2, 1 mM ethylenediaminetetraacetate (EDTA), 1 mM dithiothreitol, adjusted to pH 7.5) was used throughout, whereas, for determining the level of intracellular esterified tRNA, extraction buffer B (0.1 M sodium acetate buffer, adjusted to pH 4.5, substituted for Tris-hydrochloride in buffer A) was used.
(ii) Cell pellets, suspended in three volumes of buffer A or B, were broken by adding sodium dodecyl sulfate (1.5%) and alternately freezing in a dry iceethanol bath and thawing at 37 C three times. (iii) Phenol extraction was performed with 88% phenol equilibrated with buffer A or buffer B depending on the tRNA preparation and was repeated twice. (iv) After ethanol precipitation at -30 C for 1 hr and removal of large RNA with 1 M NaCl, the tRNA preparations in buffer B containing 1 M NaCl were oxidized with NaIO4 (7.5 mM) at 26 C for 30 min in the dark, and then precipitated with 70% ethanol. (v) All tRNA preparations were then further purified by step-wise elution from a diethylaminoethyl (DEAE)-cellulose column (9) , and fractions containing tRNA were pooled. Remaining aminoacylated tRNA was discharged at pH 8.8 at 0.1 M Tris-hydrochloride for 2 hr at 37 C; 99.9% of esterified arginine was found released by this procedure. After ethanol precipitation, the purified tRNA was suspended in a buffer containing 0.1 M Tris-hydrochloride (pH 7.5), 0.04 M magnesium acetate, 5 mM KCl, and 1 mM ,B-mercaptoethanol. The tRNA concentration was determined spectrophotometrically assuming an E2,0 of 20 cm3/mg.
Aminoacyl-tRNA synthetase. Nuclease-free preparations of aminoacyl-tRNA synthetases were isolated from frozen cell pastes of E. coli strains by the method described by Muench and Berg (25) and modified by Waters and Novelli (39) . Arginyl-tRNA synthetase activity was purified about 75-fold from crude extracts of our E. coli strains. Enzyme preparations were stable for 8 months when stored at -30 C in a solution containing 10 mM Tris-hydrochloride, 10 mm MgCl2, 1 mm glutathione (reduced), and 20% glycerol (v/v) adjusted to pH 7.5. Arginyl-tRNA synthetase activity was determined in a 1-ml reaction mixture containing: Tris-hydrochloride (pH 7.5), 100 smoles; magnesium acetate, 40 Mmoles; KCI, 5 jAmoles; ,-mercaptoethanol, 1 gmole; "4C-arginine (50 Ci/mole), 0.5 to 40 nmoles; E. coli tRNA, 80 A2,0 (absorbancy at 260 nm) units; aminoacyl-tRNA synthetase preparation (nuclease-free), 50 Mg; and adenosine triphosphate (ATP), 4 Mmoles. Reactions were incubated at 26 C and were started by adding ATP. Samples (0.1 ml) were withdrawn at 1-min intervals from 0 to 7 min and pipetted onto 2.5-cm filter paper discs (Whatman 3 MM). Discs were placed in iced 10% trichloroacetic acid and treated by the method of Nishimura and Novelli (27) . Air-dried discs were submerged in 5 ml of a toluene scintillation solution (12) , and radioactivity was assayed in a Packard Tri-Carb liquid scintillation spectrometer. Enzyme activity was estimated as the rate of formation of cold acid-insoluble radioactivity (14C-arginyltRNA) in picomoles per minute per milligram of protein.
Transfer RNA acylation. Radioactive aminoacyltRNA species were prepared in separate reaction mixtures containing the same components as described above for assay of arginyl-tRNA synthetase activity, with the following modifications: aminoacyl-tRNA synthetase, 0.5 mg/ml; 3H-L-arginine (5 Ci/mmole), "4C-L-arginine (200 Ci/mole), or "C-Lleucine (50 Ci/mole), 20 nmoles/ml, or "4C-DL-canavanine (33 Ci/mole), 0.3 Mmoles/ml; and tRNA preparation, 2 to 10 A2,0 units/ml. Incubations were for 30 min at 26 C. The maximum amount of amino acid accepted per A2,0 unit of tRNA, that was not oxidized with periodate, varied from 50 to 70 pmoles for arginine and 80 to 100 pmoles for leucine, depending on the strain. This was checked by withdrawing 0.1-ml samples of the reaction mixtures at time intervals and determining the amount of cold acid-insoluble radioactivity as described above.
Chromatography of aminoacyl-tRNA. The radioactive aminoacyl-tRNA was isolated from reaction mixtures by the method of Yang and Novelli (42) . The entire reaction mixtures containing radioactive aminoacyl-tRNA were added immediately to .10 cm3 DEAE-cellulose columns previously equilibrated at 6 C with 0.05 M NaCl in buffer C (sodium acetateacetic acid, pH 4.5, 10 mM; MgCl2, 10 mM; EDTA, 1 mm; and jB-mercaptoethanol, 5 mm). The columns were washed successively with 50 ml each of 0.05 M and 0.25 M NaCl in buffer C and the aminoacyltRNA was released from the column witha0.66 M NaCl in buffer C. The A2, absorbing band was collected and counts per minute were determined for the pooled radioactive arginyl-or canavanyl-tRNA. Mixed samples of 3H-arginyl-tRNA and either "4C-arginyl-tRNA or "4C-canavanyl-tRNA were diluted in buffer C to reduce the concentration of NaCl and loaded in the amounts shown for each experiment on a reverse-phase Freon column prepared as described by Weiss and Kelmers (40) . The 0.9 by 160 cm jacketed columns were packed at 25 psi pressure under flow and maintained at 10 C by circulating water. The tRNA was eluted with a linear gradient with 700 ml of 0.33 M NaCl in buffer C in the mixing chamber and 700 ml 0.45 M NaCl in buffer C in the reservoir. Fractions of 8 ml were collected at a constant flow rate of 36 ml/hr, by using a Buchler Polystaltic Pump, and stored at 7 C until the elution was completed. Radioactivity was measured after addition of 10 Mg of calf thymus deoxyribonucleic acid (DNA) to each fraction, precipitation with 2 ml of 50% (w/v) cold trichloroacetic acid, and coTlection on membrane filters (Millipore, HA, 0.45 Mm, 2.5 mm) with a Millipore sampling manifold. Each filter was washed with 20 ml of cold 70% ethanol, dried, and placed in a glass vial with 5 ml of toluene scintillation fluid (12) for counting in a Tri-Carb liquid scintillation spectrometer. The counting efficiencies for 14C and 9H were 40 and 15%, respectively. Overlap corrections were made with reference to standards prepared in the same manner. About 80% of the radioactivity applied to the column was recovered on the filters. Never more than 0.2% of the total counts were recovered in the 1 M NaCl wash of the columns following the elution gradient.
Protein determination. Protein was estimated by the method of Lowry et al. (22) with bovine serum albumin as standard.
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Chemicals and radioisotopes. L-Amino acids and vitamins used for growth media and for substrates in enzymatic assays were of the highest purity available from Calbiochem or General Biochemicals. L-Canavanine sulfate was obtained from Calbiochem. L-Arginine aminohydrolase (arginase) (2.4 units/mg) was obtained from Worthington Biochemical Corp. Arginosuccinate, barium salt, from Sigma Chemical Co., was converted to the potassium salt before use. 14C-L-arginine and "4C-L-leucine (50 Ci/mole; Stan Star) as well as "4C-L-arginine (200 Ci/mole), 3H-L-arginine (5 Ci/mmole), and "4C-guanidino-DL-canavanine (33 Ci/mmole) were obtained from Schwartz BioResearch Inc.
Methyl tricaprylyl ammonium chloride (Aliquat 336) was a gift from General Mills, Inc.; tetra-chlorotetraflouropropane (Freon 214) was from E. I. duPont de Nemours and Co. Chromosorb W (acidwashed, dimethyldichlorosilane-treated, 100 to 120 mesh size) was obtained from Johns-Mansville Products Corp.
RESULTS
Canavanine repression of the arginine biosynthetic enzymes. After a short period of arginine deprivation, addition of arginine elicits a burst of omithine carbamoyltransferase synthesis lasting 2 to 4 min. We have shown that this burst of enzyme synthesis is a measure of translatable messenger RNA for this enzyme in E. coli (12) . Arginine-deprived E. coli cells exhibited a similar burst of acetylornithine deacetylase and arginosuccinate lyase synthesis upon addition of L-arginine as shown in Fig. 1 . As found previously for ornithine carbamoyltransferase, the burst of synthesis for these enzymes lasted 2 to 4 min owing to repression by L-arginine, and no burst was observed when L-arginine was added at 0 min. We studied repression of the burst of ornithine carbamoyltransferase synthesis by adding a number of analogues of arginine to E. coli strain 254 cultures at 0 min followed by arginine 10 min later (Table 2) . Only L-canavanine effectively prevented the build-up of the capacity to form the burst of enzyme synthesis. Thus, apparently L-canavanine represses accumulation of translatable messenger RNA for this enzyme (12) and similarly effects acetylornithine deacetylase and arginosuccinate lyase synthesis as well (Table 3) .
Loss of canavanine repression in arginyltRNA synthetase mutants. When argS mutants were transferred from AF medium containing arginine to AF medium containing Lcanavanine (200 ,g/ml) and incubated for 20 min, a burst of ornithine carbamoyltransferase synthesis was observed upon addition of L-arginine that was the same as that observed after a period of arginine deprivation ( 1 . Accumulation of the capacity to synthesize a short burst of 'three arginine enzymes during arginine deprivation. Washed cells of strain 3422 grown in AF medium with L-arginine (200 ug/ml) were suspended in 125 ml of fresh prewarmed AF medium (3 x 108 to 4 x 108 cells/ml). Immediately 25 ml was removed and added to a separate flask containing excess arginine (200 ug/mI) (0). Samples (25 ml) were subsequently removed after 5 min (A), 10 min (A), and 30 min (0) of arginine deprivation and were added to flasks containing excess arginine. The remaining culture served as the arginine-starved control (0). Samples of 4 ml were removed from the five flasks at the times indicated. L-Arginosuccinate lyase (arginosuccinase), acetylornithine deacetylase (ornithinedeacylase), and L-ornithine carbamoyltransferase (OTCase) activities were monitored as described in Materials and Methods, and are shown as units per milliliter of culture. 5003) were reported by Hirshfield and Bloemers (14) . The Km values for E. coli strains 254 and 90-9 (Table 4) were determined on partially purified nuclease-free synthetase preparations (Fig. 2) . Since L-canavanine can be activated and esterified to tRNA (see below and x 108 cells/ml in several flasks containing prewarmed arginine-free medium in addition to the compounds listed and preincubated with shaking at 37 C for 10 min.
b Following preincubation, at 0 min, L-arginine (200 pg/ml) was added, samples were removed at intervals and omithine carbamoyltransferase activities were assayed as described for (Table 4) , and the K1 to Km ratio ranged from 17 to 34.
The loss of canavanine repression by argS mutants is not due to their inability to utilize canavanine, since they incorporate 14C-canavanine into protein (33) . However, in the presence of canavanine (100 ,g/ml) the rate of protein synthesis measured by 3H-leucine incorporation by both parental strains was three times lower than in the presence of added arginine. For argS mutants the rate of protein synthesis was lowered six-to sevenfold when canavanine was added instead of arginine (data not shown). Thus, the combination of the argS mutation and L-canavanine has an additive effect on protein synthesis. This is most likely due to the observed low level of charged tRNAarg (see below).
Recovery b Arginine was added after 10 min, samples were removed at intervals, and enzyme activities were assayed as described in Fig. 1 . The burst of enzyme synthesis is taken as the increase in enzyme activity per milliliter of culture from 0 to 4 min after arginine addition. The capacity to form a burst of ornithine carbamoyltransferase, once established, also decayed upon canavanine addition, if protein synthesis was restricted by leucine deprivation in the argS mutant (Table 5 , experiments 2 and 4). Furthermore, it was found that the concentration of L-canavanine required to promote repression in the argS mutant was almost as low as that required for repression of the parent strain during restriction of leucine (Table 6 ).
If arginyl-tRNA synthetase plays a role in establishing repression, it was possible that the rate of decay of translatable message would be slower in argS mutants, when low concentrations of arginine were added. We compared the ability of 2 jig of L-arginine per ml to cause decay of ornithine carbamoyltransferase messenger RNA in the arg leu E. coli strains 254 L and 90-9 L by using the method described previously (12) (Fig. 3) . After 20 min of deprivation of these bacteria for leucine and arginine, L-arginine (2 ,ug/ml) was added. At 2-min intervals after arginine addition, samples of culture were transferred to flasks containing excess arginine and leucine, and the 4-min burst height of ornithine carbamoyltransferase was determined (Fig. 3) . No significant difference was observed in the rate of establishing arginine repression in the argS strain during leucine deprivation. Similar experiments using 1, 5, or 10 ,ug of L-arginine per ml also revealed no difference in the response of the argS mutant.
Charging of RNA by canavanine. ArginyltRNA synthetase isolated from E. coli strains 90-9 and 254 catalyzed the formation of both 14C -canavanyl-tRNAarg and l4C-arginyl tRNAar . Preliminary experiments showed that the final level of acceptor activity in our tRNA preparations was the same for both amino acids (60 to 70 pmoles per A26,0 unit) regardless of which synthetase preparation was used. '4C-canavanyl-tRNA was significantly less stable than '4C-arginyl-tRNA to prolonged incubation at pH 4.5 (Fig. 4) . Thus all charged tRNA was manipulated and chromatographed at 10 C. 14C-canavanyl-tRNA and 3H-arginyltRNA were prepared using the synthetase preparation from strain 90-9 or 254, and mixtures were co-chromatographed at 10 C on reverse-phase Freon columns. We found all isoaccepting species of tRNAarg were charged proportionally by both amino acids using either enzyme preparation. Thus, in vitro, the altered synthetase of strain 90-9 did not selectively charge tRNA with canavanine.
In order to explain the lack of repression of the arginine enzymes by L-canavanine in strain 90-9 (argS), we examined the level of charged tRNAarg in vivo after growth of this strain with canavanine or arginine ( Table 7) . By determining the level of acceptor activities following periodate oxidation of tRNA preparations, it was found that strain 90-9 charged only about 9% of its tRNAarg during growth with L-canavanine, whereas 45% of the tRNAarg of the parent, strain 254, was charged with this amino acid. As a control, it was shown that the in vivo level of leucyl-tRNA was unaffected by growth of E. coli with Lcanavanine ( Table 7) . It was clear that the level of charged tRNAarS found in strain 90-9 in the presence of canavanine was only slightly higher than that in arginine-starved cells. Since it was this condition that blocked repression of ornithine carbamoyltransferase by L-canavanine (Tables 4 and 5) , we examined the possibility that selected species of tRNAarg were charged by L-canavanine in vivo more than others. Periodate-oxidized tRNA preparations from strains 90-9 and 254 grown in canavanine were discharged at pH 8.8 and charged with 3H-arginine and 14C-arginine, respectively. After purification, a mixture of the two radioactive arginyl-tRNA preparations was chromatographed on a reverse-phase Freon column (Fig. 5A) . Clearly the ratio of 3H to 14C was constant for all species of arginyl-tRNA. Thus, canavanine did not selectively protect any one species of tRNAarg in vivo during c Ornithine carbamoyltransferase activity was assayed on samples withdrawn at 0, 2, and 4 min after adding arginine and leucine. The increase in enzyme activity during the 4-min period is recorded as units per milliliter of culture. 4 . Instability of canavanyl-tRNA in vitro. Transfer RNA from strain 254 was charged with 14C-arginine or I 4C-canavanine using strain 254 aminoacyl-tRNA synthetase. Aminoacyl-tRNA was isolated and diluted to 0.3 M NaCl in buffer C, pH 4.5. Samples (1.1 A,.0 units/mI) were incubated at 5, 17, or 26 C, and duplicate 0.4-ml samples were removed at the times shown. The "4C-aminoacyl-tRNA was recovered by cold trichloroacetic acid precipitation as described in Materials and Methods and is shown as percent of zero time. Symbols: 0, "4C-arginyltRNA, 20,000 counts per min per ml at zero time; *, "4C-canavanyl-tRNA, 1,800 counts per min per ml at zero time. Similar results were obtained with synthetase and tRNA isolated from strain 90-9. growth of strain 90-9. A similar experiment with t-RNA isolated from cells grown with arginine yielded the same general result, although separation of arginyl-tRNAarg species was not as distinct (Fig. 5B) .
Since leucine starvation reversed the block of canavanine repression in strain 90-9L (Tables 5 and 6), we studied the effect of leucine deprivation on the level of in vivo canavanyltRNAarg in E. coli strains 90-9L and 254L (Table 8 ). In the absence of leucine but with Lcanavanine in the growth medium, the level of periodate-protected tRNAarg was greater than 60% in both strains. Thus, leucine deprivation bypassed the effect of the argS mutation for both charging of tRNAarg (Table 8 ) and repression of ariginine enzyme synthesis (Table 5) .
DISCUSSION
The data presented are based upon a rapid 2-to 4-min rise in arginine enzyme activities elicited by E. coli upon adding arginine after a period of arginine restriction. We showed previously that the rise in enzyme activity indicates a burst of synthesis of new enzyme, and the decrease in the level of the burst during repression depends upon the time period after arginine addition (see Fig. 3) (12) . Further, our a Exponential cells were suspended in argininefree medium with (+Arg) or without (-Arg) arginine (200 ,ug/ml) or with (+Can) L-canavanine (200 sg/ml).
After incubation for 20 min at 37 C cells were centrifuged, and crude tRNA was extracted.
b Samples were treated (+) with 7.5 mm NaIO4 for 30 min at 26 C, and after further purification the tRNA was discharged at pH 8.8 (see Materials and Methods).
c Level of arginine and leucine acceptor activity was estimated by measuring the picomoles of 14C_ arginine or "4C-leucine incorporated per A,,0 unit of tRNA by using a synthetase preparation from strain 90-9. Each number shown is an average of values from three to seven different tRNA preparations.
earlier data (12) , recently extended by others (13, 38) , indicate that the burst in new arginine enzyme activity is an indirect measure of accumulated arginine-messenger RNA in the cells. Since this assay relies upon translation, the operation actually measures apparent arginine message or translatable arginine-messenger RNA as differentiated from total arginine-messenger RNA that we have recently measured by DNA-RNA hybridization (19, 30) .
We report here that, although canavanine represses the accumulation of translatable messenger RNA for three arginine enzymes in normal E. coli (Table 2) , this amino acid analogue does not repress argS mutants (Table 4) . These data implicate the arginyl-tRNA synthetase in repression. The observation that a leu argS mutant deprived of leucine became as sensitive to canavanine repression as normal argS+ cells further suggests that repression by canavanine is signaled when products of the arginyl-tRNA synthetase reaction accumulate.
Yet the argS mutants remain sensitive to repression by arginine by use of our assay; and this result is consistent with data presented by Hirschfield et al. (15) , who used entirely different methods. We propose that the difference in sensitivity of argS mutants to repression by canavanine and arginine resides in the relative affinity of the system signaling repression for derivatives of the two amino acids arising from the synthetase reaction. Further, we suggest that the action of arginyl-tRNA synthetase in repression is revealed only when argS cells with a defective synthetase are challenged with L-canavanine under conditions where L-canavanyl-tRNAarg cannot accumulate. Two types of argS mutants, originally isolated as canavanine-resistant mutants, were identified (15) , and the nature of the defect in the arginyltRNA synthetases was determined (14) . Class I argS synthetases (strains 90-9 and MA 5003) have a 10 to 13-fold higher Km for arginine and usually 15 to 30% of the activity of the parental strain. Class II argS synthetases (strain MA 5005) have a slightly higher Km for arginine, a 10-fold increase in Km for ATP, and about 2.5 to 5% of the activity of the parental strain. Since it was shown that the Ki for Lcanavanine is consistantly 20 to 30 times higher than the Km for arginine (Table 4 ), we expect a lowered level of canavanyl-tRNA in all argS strains because of lowered enzyme activity or lowered affinity for canavanine, or both. In support of this viewpoint, the rate of protein synthesis by arginine-requiring strains of E. coli grown with canavanine is initially about one-third that with arginine (34) . Although Class I argS mutants show little reduction in the rate of protein synthesis when grown with excess arginine, Class II argS mutants grow at about 50 to 70% the rate of the parental strain (15) . When grown with canavanine, protein synthesis by both classes of argS strains was observed to be restricted severely. Finally we determined the levels of arginine acceptor activity surviving periodate oxidation in one argE argS strain and its parental strain. The low 9% level of in vivo charged tRNAarg measured in strain 90-9 grown with canavanine compared with 42% in the parental strain 254 ( were grown with canavanine or arginine, and periodate-oxidized tRNA was prepared as described in Table 7 .
After discharging at pH 8.8, tRNA samples were charged again with 2H-or 14C-arginine and purified as de- arginine-free medium with addition of 200 Ag each of L-arginine (+Arg), or L-canavanine (+Can), and Lleucine (+Leu) per ml, or without leucine (-Leu). Cells were pelleted and crude tRNA was extracted. Some samples were treated (+) with periodate (see Materials and Methods). "After purification and discharge of tRNA samples, the level of arginine acceptor activity was estimated as described in Table 7. 5005) even when only 20% of the tRNAarg is charged (15) .
Our findings show that no one species of tRNAarg is selectively left uncharged by canavanine in argS strain 90-9 even when only 9% of the total tRNAarg is protected (Fig. 5) The observed recovery of canavanine repression by leucine-deprived argS mutants (Table  5) coupled with the observed rise of the in vivo levels of canavanyl-tRNAarg ( (Fig. 3) . These results show that the repression system can function normally in argS mutants when protein synthesis is reduced below the point where arginyl-tRNA synthetase is limiting. Probably all experimental values for in vivo charged tRNA must be viewed with caution, simply because the pool of charged tRNA may very well change radically during manipulation of cells prior to inactivation of cellular enzymes. In specific cases, unexpectedly high or low levels of in vivo charged tRNA were obtained from cultures chilled before harvesting when compared to more reasonable levels obtained from cultures first treated with 5% trichloroacetic acid before manipulation (Neidhardt, personal communication). In our experiments, cultures were simply centrifuged for 5 min without chilling, the pellets were rapidly suspended in acetate buffer containing detergent, and the cells were lysed by freezing and thawing. Although we did not test the acid fixation method of Neidhardt, our data on levels of in vivo charged tRNAarg (Tables 7 and 8) appear to follow the pattem expected from the properties of the arginyl-tRNA synthetases of the strains used (Table 4 ) and the conditions employed.
Since uptake of canavanine into E. coli is about one-tenth the uptake of arginine (reference 41 and unpublished data), part of the requirement for a high exogenous concentration of canavanine for repression may be due to this fact. However, it is unlikely that the free canavanine pool is responsible for repression of translatable messenger RNA, since, when protein synthesis is permitted, canavanine (200 ,ug/ml) represses argS+ cells but does not repress argS cells. In this situation, argS bacteria probably contain an even higher pool of free canavanine, since conversion of canavanine to canavanyl-tRNAarg and thence to protein is apparently limited at the synthetase step (Table 7) .
Recently, we reported that L-arginine repressed the level of hybridizable argECBH messenger RNA in E. coli to an amount 7-to 24-fold lower than that found in derepressed cells (30) . Our data indicate that arginine acts at the transcriptional level (19) . However, we found that added canavanine (200 ug/ml) had little or no effect on reducing-the level of hybridizable argECBH messenger RNA in either argS or argS+ strains (30) . The repression of the level of translatable messenger RNA for the arginine enzymes by canavanine shown in this report appears to contradict our hybridizable data. Also, as observed by others (5, 15) , arginine apparently signals repression normally in all argS strains tested so far, even when the level of charged tRNAarg remains constant at 20% with or without added arginine in the growth medium. However, these discrepancies would be predicted by a dual model in which both canavanine and arginine exert control upon the translation of arginine messenger RNA, mediated by some function of arginyl-tRNA synthetase, while arginine but not canavanine represses transcription of new messenger RNA. Lavelle presented evidence suggesting that the arginine regulon (20) and the tryptophan operon (21) are under dual control by both a transcriptional and a translational mechanism. Indeed, Vogel et al. (38) have reviewed the indirect evidence that led them to propose a translational control model for the arginine regulon, that they suggest may operate in conjunction with transcriptional control.
